Objective: To assess the hypothesis that changes in plasma total bilirubin levels (Btot) can influence the antioxidant system and oxidative stress in preterm infants. Methods: Twenty two healthy preterm infants who presented with visible non-haemolytic hyperbilirubinaemia were studied at the mean (SD) age of 3.7 (1.5) days. Btot, plasma total hydroperoxide concentration (TH), plasma protein SH group concentration, and total antioxidant capacity of the plasma (TAC) were measured at study entry and after 24 hours. Results: Btot did not correlate with TH, TAC, or protein SH group concentration, but a significant correlation was found between TH and TAC, TH and protein SH groups, and TAC and protein SH groups, both at study entry and after 24 hours. Conclusion: The decrease in plasma bilirubin was contemporary with an increase in plasma antioxidant capacity and decrease in oxidative stress in preterm infants. This may be the result of the pro-oxidant effect of haem oxygenase, mediated by iron release, which may outcompete the antioxidant properties of bilirubin.
M
any illnesses in preterm infants, such as chronic lung disease, necrotising enterocolitis, retinopathy of prematurity, and intracranial haemorrhage, are thought to be related to the action of reactive oxygen species. They occur because the antioxidant system of preterm infants is highly stressed and incompletely developed. 1 Several reports have emphasised the antioxidant role of bilirubin, which in human neonatal plasma seems to have a greater antioxidant capacity than urates, α-tocopherol, or ascorbates. 2 Bilirubin reactions involving free radicals or toxic products of oxygen reduction have been well documented. In particular, unconjugated bilirubin is able to scavenge singlet oxygen with high efficiency, to react with superoxide anions and peroxyl radicals, and to serve as a reducing substrate for peroxidases in the presence of hydrogen peroxide or organic hydroperoxides. 3 4 However, although the antioxidant effect of bilirubin as a scavenger of reactive oxygen species is well documented in vitro [5] [6] [7] [8] and animal studies, 9 its role in vivo has not been clarified in preterm infants. [10] [11] [12] [13] Yigit et al 10 reported that serum malondialdehyde concentrations were higher in infants with hyperbilirubinaemia than in controls, and other authors [11] [12] [13] have found a significant correlation between serum bilirubin and total antioxidant capacity of the plasma.
The hypothesis of our study was that changes in plasma bilirubin levels may influence the antioxidant system and oxidative stress in newborn infants. Therefore, our aim was to investigate the possible correlation between plasma bilirubin level and oxidative stress and the antioxidant capacity of plasma in preterm infants. To this end, we planned a prospective study in which the plasma levels of total bilirubin (Btot), total hydroperoxide (TH), and protein SH groups, and the total antioxidant capacity of plasma (TAC) were concurrently measured.
METHODS
The study was conducted in the neonatal intensive care unit of the University Hospital of Florence after approval by the local ethics committee.
After obtaining parental consent, we studied 22 healthy preterm infants < 7 days of age who were consecutively enrolled in the study if they were < 36 weeks of gestational age, showed visible signs of non-haemolytic hyperbilirubinaemia, did not require respiratory support, were clinically stable, did not suffer perinatal asphyxia or sepsis, and had no major congenital malformations.
For each newborn infant, sex, gestational age, birth weight, type of delivery, Apgar score at five minutes, antenatal steroid treatment, main pathologies, and pregnancy diseases were recorded. Btot was measured at study entry and then again after 24 hours by reflectance spectrophotometry (Microbilimeter, Ginevri, Rome, Italy). The accuracy of Btot measurement in our unit was recently tested, and the correlation between our laboratory method and the HPLC method was high (r = 0.927; 95% confidence interval = 0.906 to 0.944). 14 At the same times, a heparinised blood sample was obtained to measure plasma concentrations of albumin, ferritin, total iron, TH, and protein SH groups, and TAC. The blood samples were often obtained from the umbilical vein catheter to reduce the number of painful interventions. Infusion contamination was prevented by aspirating the infused solution and at least 0.5 ml blood from the catheter before collection of blood for analysis.
To more precisely interpret the changes in TH, TAC, and protein SH groups in preterm infants, we also studied nine infants without visible hyperbilirubinaemia. The infants had clinical characteristics similar to those of the study group.
Conventional phototherapy (Photo-Therapie 800; Drager, Lübeck, Germany) was started when Btot was > 220 µmol/l, and was discontinued when the level was < 170 µmol/l.
Procedures
The blood samples were immediately centrifuged, and all analyses of TH, TAC, and protein SH groups were carried out within two hours of blood sampling to avoid the effects of storage. TH is a measure of overall oxidative stress, given that hydroperoxides are intermediate oxidative products of lipids, peptides, and amino acids. Measurement was with a d-ROMs kit (Diacron, Grosseto, Italy) as described by Buonocore et al. 15 This method makes it possible to estimate the total amount of hydroperoxide present in a 10 µl blood sample using a spectrophotometric procedure. Hydroperoxide groups are attacked by the iron, decompartmentalised from transport protein in 1 ml acetate buffer at pH 4.8, to catalyse reactive oxygen metabolite formation by Fenton's reaction. The peroxy and alkoxy radicals produced, the quantities of which are directly proportional to peroxides present in the plasma, are trapped chemically with 10 µl of a chromogen (N,N-diethyl-pphenyldiamine) in an electron transfer process, leading to the formation of the radical cation of this chromogen. The purple colour resulting from this reaction over time was monitored in a UV-VIS spectrophotometer (Perkin Elmer λ 16, Norwalk, Connecticut, USA) at 505 nm. The results were expressed in conventional units (Carr units); 1 Carr unit is equal to a concentration of 0.8 mg/l. TAC was measured by an OXY-Adsorbent test (Diacron) as described by Trotti et al. 16 This method is based on the ability of a massive dose of HClO to oxidise the physiological antioxidant agents (uric acid, reduced glutathione, thiol groups, vitamins, glutathione peroxidase, superoxide dismutase, catalase, etc.). The efficacy of the antioxidant system can be monitored indirectly by measuring the excess of HClO in the serum. As HClO reacts with a correctly buffered chromogenic substrate (N,N-diethyl-p-phenyldiamine), a coloured complex develops which can be measured photometrically, giving a maximum peak of absorbance at 505 or 546 nm. The concentration of the coloured complex is directly proportional to the concentration of HClO and indirectly to the antioxidant capacity. A 10 µl blood sample, previously diluted 1:100 with distilled water, is added and mixed with 1 ml oxidant solution and 10 µl of the chromogen. The purple colour resulting from this reaction over time is then monitored in a UV-VIS spectrophotometer at 505 or 546 nm. For each series of assays, a standard with an assigned value, previously diluted 1:100 with distilled water as for the samples, and a blank reagent, obtained by replacing serum with distilled water, were included. The absorbances were measured immediately. The absorbance of the reagent blank was subtracted from those of the standard and the samples. The antioxidant capacity, expressed as µmol HClO/ml serum, was calculated using the following formula:
where Abs is absorbance and [standards] is the standard concentration.
Protein SH groups were measured with the SHp Test (Diacron) using the spectrophotometric method of Ellman. 17 This method is based on the ability of protein SH groups to bind to a chromogen (5,5'-dithiobis-(2-nitrobenzoic acid)). A 1 ml sample is mixed with 20 µl chromogen. The resulting yellow colour is then monitored in a UV-VIS spectrophotometer at 405 nm. For each series of assays, a standard solution of 496 µmol/l SH groups was prepared. The concentration of SH groups, expressed as µmol/l, was calculated from the following formula: where Abs is absorbance and 496 is the standard concentration of SH groups.
Statistical analysis
We had calculated that a sample size of at least 12 infants in each group was required to detect a significant correlation between a change of 30% in TH and a change of 50 µmol/l in Btot, with 80% power at the 0.05 level.
The data were expressed as mean (SD) and analysed for significant differences by analysis of variance for continuous variables and the χ 2 test for rates and proportions. Simple regression analysis was used to assess the correlation between bilirubin, TH, TAC, and protein SH groups.
RESULTS
Infants with (n = 22) and without (n = 9) hyperbilirubinaemia exhibited similar characteristics with regard to male/ female ratio, gestational age, birth weight, type of delivery, Apgar score at five minutes, antenatal steroid treatment, maternal disorders, and age at blood sampling (table 1). All infants received human milk (from his/her mother or from a donor) from the first day of life, and 12/22 (55%) and 4/9 (44%) were receiving glucose/saline intravenous infusion at the time of blood sampling. All the neonates with hyperbilirubinaemia were admitted with the diagnosis of prematurity, but eight patients experienced symptomatic hypoglycaemia during the first 3 days of life, and five developed moderate feeding intolerance. Fourteen patients were treated with conventional phototherapy during the study period.
Owing to the small size of the blood samples in some patients, it was not possible to determine TH at study entry (n = 1), protein SH groups at study entry (n = 2), and TAC at study entry (n = 1) and after 24 hours (n = 5).
Btot was higher (p < 0.05) at study entry (219 (25.9) µmol/l) than after 24 hours (188 (27.6) µmol/l), whereas albumin (28. µmol HClO/ml), and protein SH groups (1249.0 (191.3) and  1360.8 (327.4) µmol/l) . These values were significantly different from those of the jaundiced infants (table 1) .
DISCUSSION
Our data show a decrease in plasma bilirubin concomitant with an increase in plasma antioxidant capacity and decrease in oxidative stress in preterm infants. These results seem to disagree with previous studies using in vitro [5] [6] [7] [8] and animal 9 models, both of which showed antioxidant properties of bilirubin. However, the latter studies, although accurate, could not exactly replicate what occurs in human beings, especially preterm infants. Furthermore, bilirubin has not always been found to be effective as an antioxidant agent: Mireles et al 8 showed in vitro that, after oxidative stress, a bilirubin concentration > 30 mg/dl is associated with an increase in protein oxidation; moreover, the infusion of 15 mg/kg bilirubin in an animal model was not effective in preventing the oxidative stress and pulmonary hypertension induced by group B streptococcus. 18 Our results confirm the findings of Yigit et al, 10 who did not find a correlation between serum malondialdehyde and bilirubin concentrations in preterm infants with nonhaemolytic hyperbilirubinaemia, and Gopinathan et al, 11 who did not observe a correlation between serum bilirubin and total plasma antioxidant capacity in preterm infants. On the other hand, Belanger et al 12 found a reduction in antioxidant capacity of plasma after exchange transfusion and the subsequent decrease in plasma bilirubin. As suggested by the authors, this result could be explained by factors other than bilirubin decrease, such as the oxidative stress induced by a large amount (170 ml/kg) of transfused blood and the consequent overload of iron caused by the transfusion. 19 Also Hammerman et al 13 found that serum bilirubin and plasma antioxidant capacity are correlated, but the small size of their study population makes their results inconclusive.
To explain our results, we considered that the antioxidant action of bilirubin had been definitively shown, [2] [3] [4] [5] [6] [7] and that, as suggested by the lack of correlation between Btot and the remaining variables studied in our patients, factors other than bilirubin must have caused the increase in plasma antioxidant capacity and the decrease in oxidative stress in association with the decrease in Btot. On the other hand, the higher TH and the lower TAC and SH group levels measured in jaundiced infants compared with infants without jaundice seems to suggest that the former may have some condition that predisposes them to an increase in oxidative stress when plasma bilirubin increases.
Haem oxygenase has been reported to have a role as a prooxidant agent. 20 It is the enzyme responsible for physiological haem degradation; it catalyses the degradation of haem to equimolar amounts of carbon monoxide, biliverdin, and iron. 21 Three isoforms have been isolated, the inducible haem oxygenase (HO-1), the constitutive haem oxygenase (HO-2), and the more recently discovered and less active haem oxygenase (HO-3). 22 HO-1 is a known stress protein, the transcription of which can be induced by a whole array of stressors, including endotoxin, transition metal ions, haem, haemin, haemoglobin, and other haem proteins. 20 Indeed, it has been suggested that HO-1 induction may represent a generalised response to oxidative stress [22] [23] [24] and that it may confer cellular protection against oxidant stress.
21 [25] [26] [27] The protection mechanism is unclear, although removal of pro-oxidant haem, synthesis of antioxidant bilirubin, and induction of ferritin synthesis, which sequesters redox active iron, may be involved. 28 However, other studies 19 29 suggest that HO-1 induction may not always be beneficial and that the release of redox active iron from haem may induce an increase in oxidative stress. Moreover, studies in vitro 30 31 have suggested that the possible protective antioxidant action of haem oxygenase may occur within a narrow range, so in cases in which it is overexpressed, iron released may prevent any cytoprotective effect against oxidative stress.
32
Therefore we speculate that our results could be explained by the pro-oxidant activity of an overexpressed haem oxygenase, which, on degrading haem, produces equimolar amounts of bilirubin and low molecular mass iron. The latter may be the actual cause of oxidative stress in our patients because of the lack of adequate synthesis of ferritin, 27 which effectively removes iron.
In conclusion, we found that, in our preterm infants, the decrease in plasma bilirubin was concomitant with an increase in the antioxidant capacity of the plasma and a decrease in oxidative stress. We speculate that this is the result of the pro-oxidant effect of haem oxygenase mediated by iron release, which counteracts the antioxidant properties of bilirubin. Further studies are required to confirm our results and speculations. 
